not share obvious features with the processes that mediDiego is specifically required for polarized accumulaate hair outgrowth. This suggests that the products of tion of Flamingo and drives ectopic clustering of Flathese genes organize a very basic type of polarity that mingo when overexpressed. Our data suggest that can be interpreted by different cell types in different ways. stood about how Flamingo, present on both proximal The planar polarization of Drosophila wing epithelial and distal sides of the cell, can determine the polarity cells is apparent in the uniform distal orientation of wing of the planar axis and the mechanism by which this is hairs. Each cell constructs one hair by extending an translated into polarized cytoskeletal rearrangements. actin and microtubule-filled process from its apical Because most known tissue polarity genes also cause polarity defects when overexpressed, we reasoned that an overexpression screen might efficiently identify novel 4 Correspondence: eaton@mpi-cbg.de
components of the polarization mechanism. In this study, we describe a core group tissue polarity gene, diego, identified using this method.
Results
To isolate genes whose overexpression caused tissue polarity defects, we crossed lines harboring "EP" P elements (Rorth, 1996) to flies expressing GAL4 under the control of the apterous promoter. EP elements contain upstream activation sequences that drive GAL4-dependent transcription from an adjacent P element promoter through genomic DNA next to the site of insertion. Activation of transcription by GAL4 in apterous-expressing cells results in the overexpression of random genomic sequences in cells that give rise to the thorax and dorsal wing blade. We screened through 2300 EP crosses for those that produced bristle polarity defects in the thorax (33/2300), and then we reexamined these EP lines for their ability to cause defects in hair polarity or number. We found six that produced multiple wing hairs when overexpressed, but we found only one, EP(2)2619, whose overexpression caused predominantly hair polarity defects ( Figures 1A-1D) . We cloned the DNA downstream of the EP element by plasmid rescue, sequenced it, and found that it was homologous to an EST corresponding to clone LD08259 (CG12342 in the GadFly database).
To ask whether expression of the gene represented by this EST actually caused the polarity phenotype, we produced transgenic flies containing the cDNA under the control of the UAS promoter and drove its expression by crossing them to flies that expressed GAL4 under the control of the apterous promoter. Expression of LD08259 caused polarity defects similar to those observed when EP 2619 was crossed to apterous GAL4 (data not shown). These data confirm that the protein encoded by LD08259 causes tissue polarity defects when overexpressed. We refer to the gene represented by this cDNA as diego.
The sequence of the diego cDNA predicts a 106 kDa protein containing six ankyrin repeats at its N terminus. It differs in the first 22 amino acids from that of the protein predicted from the genome sequence (AAF58749 in the Gadfly database), but it is otherwise in agreement. An error report for the gene-encoding protein AAF58749 has been submitted to Flybase. To see whether Diego was homologous to a protein of known function, we searched available databases for related sequences with BLAST. Its closest relative is KIAA0957, a human cDNA of unknown function derived from a brain library, 
Loss of diego Function Produces Polarity Defects in Wings and Eyes
In order to determine whether loss of diego function caused tissue polarity defects, we generated diego mutants by imprecise excision of EP 2619. We identified six mutants harboring deletions that removed parts of the diego transcript, but left sequences upstream of the P element intact ( Figure 1E ). These diego mutants are homozygous viable with wing hair polarity defects that resemble those of the strongest viable flamingo/starry night allelic combinations (Figure 2A ). Bristle polarity was not strongly affected by dgo mutation (data not shown). Diego mutant eyes also display typical planar polarity defects ( Figures 2B and 2C) ; some ommatidia have inverted chirality, others are symmetrical, whereas others are misrotated. These defects are summarized in Figure  2D . The diego mutant phenotype is reminiscent of that observed for other "core" polarity genes like fz (Tomlinson et al., 1997). Of the diego mutant alleles, dgo 380 (which harbors the largest deletion) produces the strongest eye phenotypes, and its phenotype is not stronger over a deficiency, indicating that it is probably a null allele. Consistent with this, no Diego protein is detected on Western blots of dgo 380 homozygotes ( Figure 1F ). All dgo alleles appear to have similar wing phenotypes that are not stronger when hemizygous. This suggests that whereas all the diego alleles are at least strong hypomorphs for wing-specific functions, the shorter deletions may retain some ability to function in the eye. The fact that Diego is required for planar polarization of both eye and wing epithelia places it in the "core" group of tissue polarity genes and suggests that it forms an integral part of the polarization machinery.
Diego Protein Localizes to Proximal-Distal Boundaries of Wing Epithelial Cells in Response to Frizzled
The activity of the Frizzled signaling pathway is required during the six hours prior to hair formation for normal planar polarization (Adler et al., 1994). To better understand the cell biological function of Diego protein during Flamingo is a transmembrane protein, these spots might proximal-distal pattern (green arrow in Figure 5I ). Fureither represent protein that is trapped in the secretory thermore, overaccumulation of Diego is also seen on pathway or that has accumulated in the endocytic paththe cell boundary opposite to that which is contacting way. In Flamingo 
6E), similar to its distribution in frizzled mutant wings (data not shown). These data suggest that Diego specifically promotes clustering of Flamingo. We suggest that (Usui et al., 1999). We quantified the ratio of Flamingo under wild-type conditions, Diego-mediated Flamingo staining intensity on proximal-distal versus anteriorclustering is regulated in response to Frizzled signaling posterior cell boundaries in images from four wild-type and occurs only at proximal-distal boundaries. wings and four dgo380 mutant wings. In wild-type wings, Interestingly, Diego overexpression has nonautonoFlamingo was enriched between 2.5-and 3.2-fold on mous effects on Flamingo localization in adjacent cells. proximal-distal boundaries at 27 hr after puparium forIn the first row of wild-type cells adjacent to Diego overmation. In contrast, the Flamingo in dgo380 mutant expressers, Flamingo is missing from proximal-distal wings was not significantly enriched (ratios ranged beboundaries (green arrow) and presumably relocalizes tween 0.8 and 1.3). These data suggest that Diego proto maximize homophilic interactions with the clustered motes Flamingo polarization. Flamingo on the Diego-overexpressing cells (red arrow). Flamingo sometimes polarizes its distribution in parts
Interestingly, Flamingo protein levels are also modestly of dgo380 mutant wings at later times (29-30 hr after elevated on the cell boundary opposite to the Diegopuparium formation), but the axis of polarity is often overexpressing cells (purple arrow). As a result, the Flaabnormal, presaging the whorls of misoriented hairs obmingo in the second row of cells seems less unambiguserved in dgo380 adult wings (compare Figures 6G and ously polarized to proximal-distal boundaries than in 6H with Figures 6J and 6K) . In all cases, the effect of the cells at a greater distance from the overexpression diego is specific to Flamingo and does not affect the stripe. distribution of cortical actin ( Figure 6L ) or Coracle (Figure 6F 
